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ABSTRACT
The peculiar velocities of galaxies are an inherently valuable cosmological probe, pro-
viding an unbiased estimate of the distribution of matter on scales much larger than
the depth of the survey. Much research interest has been motivated by the high dipole
moment of our local peculiar velocity field, which suggests a large scale excess in
the matter power spectrum, and can appear to be in some tension with the ΛCDM
model. We use a composite catalogue of 4,537 peculiar velocity measurements with
a characteristic depth of 33 h−1Mpc to estimate the matter power spectrum. We
compare the constraints with this method, directly studying the full peculiar velocity
catalogue, to results from Macaulay et al. (2011), studying minimum variance mo-
ments of the velocity field, as calculated by Watkins, Feldman & Hudson (2009) and
Feldman, Watkins & Hudson (2010). We find good agreement with the ΛCDM model
on scales of k > 0.01 h Mpc−1. We find an excess of power on scales of k < 0.01 h
Mpc−1, although with a 1σ uncertainty which includes the ΛCDM model. We find
that the uncertainty in the excess at these scales is larger than an alternative result
studying only moments of the velocity field, which is due to the minimum variance
weights used to calculate the moments. At small scales, we are able to clearly discrimi-
nate between linear and nonlinear clustering in simulated peculiar velocity catalogues,
and find some evidence (although less clear) for linear clustering in the real peculiar
velocity data.
Key words: cosmology: large scale structure of the universe – cosmology: observation
– cosmology: theory – galaxies: kinematics and dynamics – galaxies: statistics
1 INTRODUCTION & BACKGROUND
The peculiar velocities of galaxies are a powerful cosmologi-
cal probe, which directly traces the underlying dark mat-
ter distribution (independent of galaxy bias) and is also
sensitive to scales much larger than the size of the sur-
vey. Recent interest in peculiar velocities has been driven
by the high dipole moment of our local velocity field,
which can appear to be in some tension with the ΛCDM
model. The ΛCDM model indicates that we should ex-
pect a peculiar velocity dipole of magnitude around 100 km
s−1, although many independent peculiar velocity surveys
⋆ email: edward.macaulay@astro.ox.ac.uk
show evidence for a bulk flow at low redshift of around
400 km s−1 in the direction l = 280 b = 10 degrees
(Hudson et al. 2004; Watkins, Feldman & Hudson 2009;
Feldman, Watkins & Hudson 2010; Ma, Gordon & Feldman
2011). However, Nusser & Davis (2011) find evidence for a
flow more commensurate with ΛCDM of around 260 km s−1
(in a similar direction as the other bulk flow results).
In more tension with ΛCDM are significantly higher
bulk flows at redshift ∼0.25, which curiously appear to
be in the same direction as the low redshift bulk flows.
Abate & Feldman (2012) found evidence for an extremely
high bulk flow of around 4000 km s−1 at redshift ∼0.3,
in a similar direction to other bulk flows. Kashlinsky et al.
(2010) find a bulk flow of around 1000 km s−1 extending to
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z ≃ 0.2 from kinematic Sunyaev-Zel’dovich measurements.
If substantiated, these bulk flows would indicate a non con-
vergence of the peculiar velocity dipole, and present a seri-
ous challenge to the assumptions of isotropy and homogene-
ity. However, these bulk flow measurements are far from as
robust as the directly measured peculiar velocity measure-
ments we consider here; Abate & Feldman (2012) note that
their result may be entirely due to systematic effects. In
this work, we will only consider the direct peculiar velocity
measurements at low redshift.
In addition to the high dipole moment, there also ap-
pears to be a low shear of the velocity field (Jaffe & Kaiser
1995; Feldman, Watkins & Hudson 2010), which indicates
that the density contrast responsible for the velocity dipole
is on extremely large scales. At the depths of the peculiar
velocity surveys (up to 100 h−1Mpc), this suggests an excess
density contrast on scales ∼ 1 h−1Gpc. The volume of space
probed by galaxy redshift surveys (e.g. Cole et al. 2005;
Reid et al. 2010 and Blake et al. 2010) is currently too small
to robustly constrain clustering on these scales, although
Thomas, Abdalla & Lahav (2011) found evidence for excess
large scale power in the MegaZ photometric redshift survey.
Measurements of the CMB can probe anisotropies on these
large scales (Hlozek et al. 2012), although to compare to re-
sults at low redshift, the growth of these anisotropies must
be assumed, which depends on the cosmological model.
There are many possible explanations for the high
dipole moment, ranging from systematic effects to more
exotic explanations invoking extended cosmology or mod-
ified gravity. Hudson et al. (2004) considered systematic
effects in the SMAC (Streaming Motions of Abell Clus-
ters) peculiar velocity survey, such as a dipole variation
in the velocity dispersion, galactic extinction, and calibra-
tion across different observations. They found that sys-
tematic effects could account for at most half of the high
dipole moment of the SMAC survey, leaving a dipole
moment which is still at least three times higher than
the ΛCDM expectation. There are many theoretical pos-
sibilities to extend the ΛCDM model to produce a large
scale excess of power and a peculiar velocity dipole, such
as modifications to gravity, (Ayaita, Weber & Wetterich
2009; Khoury & Wyman 2009), dark energy cluster-
ing (Potter & Chongchitnan 2011), vorticity, (Palle 2010)
or ‘tilted’ universes (Mersini-Houghton & Holman 2009;
Kashlinsky et al. 2010; Ma, Gordon & Feldman 2011). In
this work we do not address any theoretical explanation
in particular, but by using the peculiar velocity data to
constrain the power spectrum in model independent band-
powers we aim to provide results which will be useful to
constrain a range of explanations for the high dipole.
Jaffe & Kaiser (1995), Kolatt et al. (1996),
Zaroubi et al. (1997), Kolatt & Dekel (1997), Zaroubi et al.
(2001) and Silberman et al. (2001) have used peculiar
velocity surveys to infer the matter power spectrum directly
at z = 0. More recently in Macaulay et al. (2011), we in-
ferred the underlying power spectrum from moments of the
peculiar velocity field from Watkins, Feldman & Hudson
(2009) and Feldman, Watkins & Hudson (2010), specifically
in the context of understanding the high bulk flow. One of
our main findings was that the excess of power indicated
by the anomalously high dipole moment was dramatically
reduced when the shear and octupole moments were
also included. This leads us to ask if the correspondence
with the ΛCDM model would be improved if we were to
hypothetically include higher still moments of the velocity
field. That is the motivation for this work, although we
take the approach used by Jaffe & Kaiser (1995) to analyse
peculiar velocity catalogues directly, without compressing
the data into moments.
Recently, Abate & Erdog˘du (2009) applied a similar
formalism to constrain the modified gravity parameter γ.
Similarly Ma, Gordon & Feldman (2011) used a similar for-
malism to fit for parameters of the dipole moment and ve-
locity dispersion parameter. In both cases, a fiducial ΛCDM
power spectrum was assumed, and additional parameters
of interest were allowed to vary. The key difference between
those papers and this work is that here we treat the underly-
ing power spectrum as a set of free parameters, as opposed to
fitting extra parameters for additional effects beyond a fixed
power spectrum. In this way, we obtain new constraints on
the power spectrum which are independent of the fiducial
cosmology.
2 METHOD
In this paper we consider two distinct methods to relate
peculiar velocity measurements to large scale structure: A
maximum likelihood based approach to analyse a full pe-
culiar velocity catalogue (the ‘catalogue’ method), and an
alternative approach studying minimum-variance moments
of the velocity field (the ‘moments’ method).
As well as an apparent radial velocity due to the Hub-
ble flow, galaxies also have a peculiar velocity towards local
over-densities of matter. This peculiar velocity field v(r) can
be related to the matter density contrast δ by
v(r) =
fgH0
4pi
∫
d3r′δ(r′)
(r′ − r)
|r′ − r|3
(1)
where fg is the growth rate of the density contrast,
∂ ln δ/∂ ln a, and a is the scale factor (Peebles 1993). The
density contrast is defined in terms of the ratio of the den-
sity at r, ρ, to the average density ρ¯, so that δ = ρ/ρ¯.
We can measure the peculiar velocity via the effect it
has on the redshift of the galaxy. The redshift z of a galaxy
is given by a contribution from the Hubble flow, H0r, and
the line of sight component of the peculiar velocity S:
cz = H0r + S (2)
where, for a galaxy labelled m, at position rm, we have the
line of sight peculiar velocity, Sm given by
Sm = rˆm · v(rm) (3)
where rˆm is a unit vector in the direction of galaxy m.
To measure S we thus need to combine the redshift of
the galaxy with an independent measure of the distance r.
In principle, we can calculate the peculiar velocity of any
galaxy for which we have the luminosity distance, measured
using distance indicators such as supernovae (SN), Tully-
Fisher (TF) (Tully & Fisher 1977) or Fundamental-Plane
(FP) (Dressler et al. 1987) measurements. Individual uncer-
tainties on luminosity distances are typically rather large
(5% for SN, and around 10 to 20% for TF and FP), which
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propagates to a very large uncertainty in the peculiar veloc-
ity.
2.1 Maximum Likelihood Catalogue Method
We now consider how to relate a catalogue of peculiar veloc-
ity measurements Sm to large scale structure, following the
method as presented in Jaffe & Kaiser (1995). The method
is based on a likelihood framework, where the likelihood L
is given by
L =
1
2piN/2 |Rmn|
1/2
exp
(
−
1
2
SmR
−1
mnSn
)
(4)
where Rmn is the covariance matrix for the peculiar velocity
measurements, for a catalogue of N galaxies. The covariance
matrix is split into two components, a ‘velocity’ and an ‘er-
ror’ term:
Rmn = R
(v)
mn +R
(e)
mn . (5)
R
(v)
mn models the coherent large scale structure, and R
(e)
mn is a
noise component to account for nonlinear velocity dispersion
σ∗, and uncertainty in each peculiar velocity measurement
σm. If we assume that the measurement errors are uncor-
related, R
(e)
mn simply contributes these uncertainties to the
diagonal of the covariance matrix, and is given by
R(e)mn = (σ
2
m + σ
2
∗)δmn (6)
where δmn is a Kronecker delta. This formalism does not
include correlations between measurement uncertainties. In
principle, there may be small correlations between measure-
ment uncertainties due to, for example, galactic extinction,
or the assumed mass-to-light ratio within catalogues of the
same type of galaxy. However, we assume that the cross-
correlations in the data covariance matrix are dominated by
the geometry of the survey, which we model with the ‘ve-
locity’ component of the covariance matrix. This term of
the covariance matrix contains the power spectrum we are
fitting for, and is given by
R(v)mn(k) =
∫
4pik2dk
(2pi)3
Pv(k)fmn(k) (7)
where Pv(k) is the velocity power spectrum, which is related
to the matter power spectrum by
Pv(k) =
(
H0a
k
)2
f2gP (k) . (8)
Here a is the scale factor. The window function fmn(k) is
given by
fmn(k) = rˆm,irˆn,j
∫
d2kˆ
4pi
kˆikˆje
ikkˆ·(rm−rn) (9)
and can be calculated analytically in terms of trigono-
metric functions. A derivation of fmn is presented in
Ma, Gordon & Feldman (2011). The general approach we
take is to map out the likelihood in terms of parameters of
the power spectrum. We next consider an analogous method
to analyse moments of the velocity field, before considering
parametrisation of the power spectrum any further, since
the parametrisation is common to both methods.
2.2 Minimum Variance Moments Method
In this paper we directly compare results between the maxi-
mum likelihood catalogue method to an alternative method
studying moments of the velocity field, from Macaulay et al.
(2011). We can consider the velocity field as a Taylor expan-
sion, given by:
vi(r) = Ui + Uijrj + Uijkrjrk + . . . (10)
where Ui is the dipole moment of the velocity field (often
called the ‘bulk flow’), and provides most information about
the largest scale fluctuations. Uij is the shear of the velocity
field, sensitive to intermediate scales. Uijk is the octupole
moment, and is sensitive to scales less than the size of the
survey. The relative sensitivity of each moment is shown in
Figure 1. Since we can only measure the line of sight compo-
nent of each peculiar velocity, each individual measurement
must be weighted according to the component of the mo-
ment it is sensitive to. Watkins, Feldman & Hudson (2009)
and Feldman, Watkins & Hudson (2010) developed new
‘minimum variance’ weights to estimate the velocity of the
volume traced by the galaxies in the survey. These weights
are designed to minimise the effects of small scale motions,
to provide a better estimate of the large scale velocities. We
do not reproduce the derivations of the weights here; the
method is presented in Watkins, Feldman & Hudson (2009)
for the dipole and extended in Feldman, Watkins & Hudson
(2010) for the shear and octupole.
With this method, the data consists of the three com-
ponents of the dipole vector, six independent components
of the shear, and ten independent components of the oc-
tupole. We take a similar approach as with the catalogue
method, splitting the covariance matrix into ‘velocity’ and
‘error’ terms. The ‘velocity’ term is now given by
R(v)pq =
f2g
2pi2
∫
dkP (k)W2pq(k) (11)
where p and q index the 19 independent moments. The win-
dow function W2pq(k) is sensitive to different scales for the
dipole, shear and octupole, as plotted in Figure 1. We con-
struct a likelihood in exactly the same manner as the cata-
logue method, in terms of parameters of a power spectrum,
which we now consider.
2.3 Power Spectrum Parametrisation
Ultimately, we wish to constrain parameters of the under-
lying matter power spectrum. There are many choices for
ways to parametrise the power spectrum. A popular choice
in many earlier works was the power spectrum shape pa-
rameter Γ, the matter density Ωm and the power spec-
trum normalization at 8 h−1Mpc, σ8 (Jaffe & Kaiser 1995;
Kolatt & Dekel 1995). Silberman et al. (2001) opted for a
band-power parametrisation, which is the approach we take
here, in terms of band-powers, Pα, so the power spectrum is
given by
P (k) =
{
Pα kα < k < kα+1
0 otherwise.
(12)
The velocity covariance matrix is then
c© 2012 RAS, MNRAS 000, 000–000
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Figure 1. Comparing sensitivity to different scales for the mo-
ments and catalogue methods. For the moments panel, we plot
the average of the diagonal of the covariance matrix for the dipole,
shear and octupole terms, for COMPOSITE. Since the moments
are designed to be orthogonal, the diagonal of the covariance ma-
trix gives an indication of the scales at which the moments are
most sensitive. For the catalogue panel, the diagonal of the covari-
ance matrix is 1/3, so we plot the sum of the entire covariance
matrix, normalised by the square of the number of galaxies in
each catalogue, which illustrates the scales at which the window
function is sensitive. The sub-catalogues which span the greatest
distance, DEEP and SMAC, are most sensitive to largest scales,
while the shallowest catalogues, SFI++g and ENEAR, are most
sensitive to smaller scales.
R(v)mn(k) ≈
(H)2
2pi2
f2g
∑
α
PαKα (13)
where K is given by
Kα =
∫ kα+1
kα
dkfmn(k) (14)
This parametrisation is directly sensitive to the combination
of f2gPα. To directly constrain P (k), we must either assume a
fiducial growth rate, or marginalise over other measurements
of the growth rate. For generality, we choose to treat the
combination of f2gPα as a parameter.
In Macaulay et al. (2011), we used flat band-powers.
This parametrisation was sufficient to demonstrate the large
effect of including just the dipole, or higher moments of the
velocity field. However, in the widest, single band parametri-
sation, the flat bands can introduce an apparent artificial
shift towards an excess of power, shown in the upper panel
of Figure 2. We find that when we factor in a fiducial ΛCDM
power spectrum into the window function, Pfid(k), and allow
a constant amplitude of this power spectrum, Aα, to vary, we
obtain an amplitude which is consistent with ΛCDM. That
is, for the same average amplitude of P (k) the most likely
value can depend on the slope of the band within the band
range. We find in practice that this shift is most significant
for the single band parametrisation, and when we allow sev-
eral bands to vary across the range the slope of each band is
less significant. Nevertheless, for consistency and complete-
ness we use ΛCDM shaped bands for all parametrisations,
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Figure 2. The effect of band shape. In the upper Figure, when
using the constant amplitude of a single flat band-power to
parametrise the power spectrum, we find a systematic excess com-
pared to the average ΛCDM power spectrum in the same k range.
However, when we use the amplitude of the ΛCDM power spec-
trum, Aα as a parameter, we find no systematic deviation from
the Aα = 1 expectation. The results are for five different realisa-
tions of a ΛCDM simulation, each consisting of dipole, shear and
octupole moments.
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Figure 3. One standard deviation contours for one power spec-
trum band and the velocity dispersion σ∗, for moments generated
from a simulated velocity field. The contours are fairly insensi-
tive to the choice of σ∗. Since compressing the velocity field into
moments is insensitive to small scale effects, these contours are
consistent with σ∗ = 0. The 1d likelihood distributions are for a
fixed σ∗ of 200 kms−1
varying the average amplitude within each band. The kernel
in this case is
Kα =
∫ kα+1
kα
dkfmn(k)Pfid(k) (15)
so our velocity covariance matrix is now
R(v)mn ≈
(H)2
2pi2
f2g
∑
α
AαKα (16)
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where our parameter is now Aα, the amplitude of the fiducial
power spectrum in each band. We thus expect Aα = 1 in all
bands for a ΛCDM velocity field. To more easily compare
Aα to expectations, we multiply the results by the mean of
the power spectrum in each band, 〈Pα〉, given by
〈Pα〉 =
∫ kα+1
kα
dkPfid(k)
kα+1 − kα
. (17)
Although this parametrisation specifies the shape of the
power spectrum within each band, we see in Section 4 in
simulated catalogues that the method is fairly robust to the
choice of fiducial power spectrum. We find that the cata-
logue method is sensitive to the velocity dispersion param-
eter, and thus treat it as a free parameter in the manner
of Ma, Gordon & Feldman (2011). To directly compare be-
tween the catalogue and moments method, we repeat much
of the analysis of Macaulay et al. (2011) with σ∗ as a free
parameter, although we find with results from velocity mo-
ments that marginalising over the velocity dispersion param-
eter has only a very small effect. The same set of moments
from Figure 2 are analysed in Figure 3 allowing both the
velocity dispersion and amplitude to vary. In this paper we
now consider the combination of f2gPα as a parameter for
both methods, as opposed to marginalising over the growth
rate as in Macaulay et al. (2011). We assume a fiducial value
for the velocity dispersion of 350 km s−1.
We use a Metropolis-Hastings Markov-Chain Monte-
Carlo method to map out the likelihood expression in
terms of the band-powers and velocity dispersion. The er-
ror bars plotted on the power spectrum plots are calcu-
lated at the one standard deviation confidence level from the
marginalised likelihood distribution for each band-power.
Where the likelihood peaks at zero this is plotted without a
marker, and the error bar represents the extent of the upper
bound.
3 PECULIAR VELOCITY DATA
We primarily study the COMPOSITE peculiar velocity
catalogue, which consists of 4537 individual peculiar ve-
locity measurements, and a characteristic depth of 33
h−1Mpc, compiled by Feldman, Watkins & Hudson (2010).
The COMPOSITE catalogue is composed of several sub-
catalogues, which we also consider individually. The largest
sub-catalogue is the SFI++ (Spiral Field I-band) sam-
ple, which consists of 3456 TF measurements. We anal-
yse the field galaxies and groups in the SFI++ sam-
ple separately, as SFI++f (2720 galaxies) and SFI++g
(736 measurements) (Masters et al. 2006; Springob et al.
2009a,b). We also study the combined DEEP catalogue,
compiled by Watkins, Feldman & Hudson (2009), which
consists of 294 of the deepest peculiar velocity measurements
and the ENEAR (Early-type NEARby galaxies) catalogue
(da Costa et al. 2000). The smallest catalogue we consider
individually is the SMAC catalogue (Hudson et al. 2004),
which is a sub-set of the DEEP catalogue.
We test our procedures on peculiar velocity catalogues
generated from ΛCDM simulations. We analyse the set of 20
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Figure 5. Constraints on the velocity dispersion parameter σ∗
and one band-power, in the range k = 0.002 to 0.196 h−1Mpc,
for simulated peculiar velocity surveys from the Las Damas and
Mark III simulations. The markers represent the peak of the like-
lihood for each catalogue. The contours are 1 standard deviation
uncertainty about the peak likelihood, which we have only plot-
ted for three catalogues for each simulation set, to prevent the
plot from becoming overcrowded. Similarly, we only plot results
for 10 of the Mark III catalogues. These uncertainty ranges are
typical for the points plotted here.
simulated Mark III catalogues1 drawn from realisations of
the Virgo simulation (Kolatt et al. 1996), consisting of 1300
entries each (some of the catalogues consisted of slightly
more than 1300 entries - these were trimmed to 1300 for
consistency). We also study six simulated catalogues from
the Las Damas simulation (McBride et al., in prep.), de-
signed to resemble the SFI++f catalogue with 2720 entries.
Histograms of the real and simulated surveys are shown in
Figure 4.
We study the simulated data sets with both the cata-
logue and moments method. We analyse the real data with
the catalogue method for the combined COMPOSITE set,
and the five sub-catalogues. We find that the sub-catalogues
are too small to reliably study the moments alone, so we
present results here with the moments method only for the
COMPOSITE catalogue.
4 RESULTS
4.1 Simulated Data
We begin by testing our method on peculiar velocity cat-
alogues generated from ΛCDM simulations. We start the
analysis with the simplest parametrisation: one band-power.
We choose a window function range of k = 0.002 to 0.196
h−1Mpc, to match the k range used in Macaulay et al.
(2011). We also include the velocity dispersion as a free pa-
rameter. Results are shown in Figure 5.
We find that for this band-power parametrisation, the
velocity dispersion is uncorrelated with the power spectrum
1 downloaded from http://www.mpa-garching.mpg.de/NumCos/CR/Download/index.html
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Figure 4. Histograms of the real surveys, and the Las Damas and Mark III simulated surveys, illustrating the distribution of line of
sight peculiar velocities, S, uncertainty in S, σS , distance r, and coordinates l and b. The COMPOSITE survey is plotted as a stacked
histogram and is comprised of the SFI++f (black), SFI++g (green), ENEAR (purple), DEEP (red), and SMAC (brown) surveys.
amplitude. The velocity dispersion is slightly higher than
the ΛCDM expectation for the Las Damas mocks, although
it is lower in the Mark III mocks. In both sets of mocks,
we note a small systematic shift from the ΛCDM expecta-
tion. As this shift is in opposite directions for the Mark III
and Las Damas mocks, it seems reasonable to conclude that
this may be due to the many particularities of generating
a mock catalogue from an underlying power spectrum, as
opposed to a systematic shift introduced by our method.
In other words, the Mark III and Las Damas mocks taken
together surround the ΛCDM expectation well. Following
Macaulay et al. (2011), we next consider a parametrisation
with three band-powers, spanning the same k range with
bands evenly spaced in log k. The results are shown in Fig-
ure 6.
We will refer to the bands from the largest scales to the
smallest scales as bands 1 to 3. We find that the uncertainty
in band 1 is larger in the simulated data with the catalogue
method than the moments method (not plotted). The uncer-
tainty in band 1 is particularly important for understanding
the high dipole moment, and will be discussed further in
Section 5. Both sets of catalogues are much more sensitive
in band 3 than with the moments method; we thus decide
to extend that band-power parametrisation by adding two
more bands (4 and 5) at smaller scales. Results are shown
in Figure 7.
We find that band 5 is anti-correlated with the velocity
dispersion parameter. This is not surprising, given the ∼ 5
h−1Mpc scales spanned by this band. We are encouraged
to see a difference at over 1σ from the nonlinear Halofit
(Smith et al. 2003) corrections to the galaxy power spectra,
illustrating the ability of peculiar velocity measurements to
directly probe the underlying linear matter distribution. As
a test, we repeat the results in Figure 7 assuming a fiducial
Halofit corrected power spectrum to factor into the window
function. The results are shown in Figure 8. Encouragingly,
we see in the smallest two bands that the data still favour
the linear power spectrum.
10−2 10−1
103
104
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 k  [h Mpc−1]
 
f g 2  
P(
k) 
[(h
−
1  
M
pc
)3 ]
 
 
ΛCDM
Mark III
Las Damas
Band 1
Band 2
Band 3
Figure 6. Results from the Mark III and Las Damas mocks in
three band-powers. The velocity dispersion was varied as a free
parameter, and marginalized over in these results. The grey curve
is the ΛCDM power spectrum. The horizontal black lines span
the k ranges of the band-powers, and indicate the average value
of the power spectrum across this range. The results should be
compared directly to these. The markers are the marginalized
results for each band-power, for each of the Mark III and Las
Damas surveys. The k location within each band is arbitrary;
each point should be fully considered equally at the centre of the
band, spanning the full width.
4.2 Real Data
We now consider results from real peculiar velocity surveys.
We start with the one band-power and velocity dispersion
parametrisation, shown in Figure 9.
Using the ΛCDM shape band, we find a slightly
lower average amplitude than the flat band result from
Macaulay et al. (2011). Although we note a small excess,
c© 2012 RAS, MNRAS 000, 000–000
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Figure 7. As Figure 6, but with two additional bands added
at smaller scales. The smallest scale band is at scales for which
galaxy power spectra must be corrected for (e.g., with Halofit).
With the peculiar velocity method, we are sensitive to the total
matter distribution, and can thus directly probe the linear power
spectrum, without accounting for halo corrections.
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Figure 8. As Figure 7, but with a fiducial power spectrum cor-
rected with Halofit. The black bars now represent the mean value
of the Halofit fiducial power spectrum which was factored into
the window function. The data still favor the linear power spec-
trum, indicating that the method is robust to the choice of fiducial
power spectrum.
the ΛCDM value is now well within the 1σ uncertainty
range of the moments result. We find that the results for
the velocity dispersion agree well with similar results from
Ma, Gordon & Feldman (2011). We find a smaller uncer-
tainty in the band-power with the catalogue method than
the moments method, and a much improved constraint on
the velocity dispersion parameter. We next consider a three
band parametrisation, shown in Figure 10.
With the moments method, band 3 was merely an upper
limit - it is well constrained with the catalogue method. The
low shear of the velocity field caused band 2 to be lower
than the ΛCDM expectation. When we now analyse the full
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Figure 9. 1 standard deviation contours from the real data,
parametrised in terms of the velocity dispersion σ∗ and one band-
power, in the range k = 0.002 to 0.196 h−1Mpc. There is a slight
excess of power in all the catalogues, although within the 1σ level
for most.
10−3 10−2 10−1
103
104
105
 k  [h Mpc−1]
 
f g 2  
P(
k) 
[(h
−
1  
M
pc
)3 ]
 
 
COMPOSITE: Moments
COMPOSITE: Catalogue
SFI++f
SFI++
g
ENEAR
DEEP
SMAC
Figure 10. As Figure 6, for the real peculiar velocity catalogues.
As before, the k position of each point within the bin is arbitrary,
and each point should be fully considered at the centre of each
band. The points have been ordered in each band from left to right
by the number of galaxies in each catalogue. We also plot results
from the moments analysis of the COMPOSITE catalogue.
catalogue, the band agrees extremely well with the ΛCDM
expectation. We still observe an excess of power in band
1, although the lower bound is not constrained here. These
results are discussed further in Section 5. We next extend
the parametrisation with two smaller bands, as before with
the simulated catalogues. The results are plotted in Figure
11, and presented for COMPOSITE in Table 1. We find
good agreement with ΛCDM in bands 3 and 4. We find that
bands 1 and 2 are anti-correlated.
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Figure 11. As Figure 7, now for real data. In band 1 we see
a slight excess of power, although the uncertainty includes the
ΛCDM model at the 1σ level. Band 5 favours the linear clustering
power spectrum over the nonlinear model.
f2gP (k) [(h
−1Mpc)3]
Band ΛCDM COMPOSITE
1 4.2× 103 1.9+6.2
−1.9 × 10
4
2 6.2× 103 2.5+9.9
−2.5 × 10
3
3 2.2× 103 3.2+1.4
−1.1 × 10
3
4 2.8× 102 3.0+1.5
−1.0 × 10
2
5 1.6× 101 0.5+5.7
−0.5 × 10
1
Table 1. Results for the COMPOSITE catalogue five-band
parametrisation, as plotted in Figure 11. Although the high dipole
velocity leads to an excess of power by over a factor of 4 in band
1, the uncertainty includes the ΛCDM model within the 1σ un-
certainty level.
4.2.1 Comparison to Silberman et al. (2001)
We also test our methodology by reproducing the results of
Silberman et al. (2001), to which our method is similar. We
change our bands as follows, to match the bands used in their
work: For k 6 0.02 hMpc−1 we use a ΛCDM band, which we
do not vary. In the range 0.02 < k 6 0.07 and 0.07 < k 6 0.2
hMpc−1 we use two independent flat bands of constant am-
plitude. For k > 0.02 hMpc−1 we use a power law band,
Aαk
n The spectral slope n is set to -0.95 for the simulated
Mark III catalogues, and to -1.4 for the real SFI++f cata-
logue, and the free parameter Aα is varied. The results are
shown in Figure 12. We reproduce the slight decrement at
k ∼ 0.1 hMpc−1 as noted by Silberman et al. (2001), which
we also observe in the SFI++f catalogue in band 3 of our 5
band parametrisation in Figure 11.
4.3 Fitting a Velocity Dipole
In the three band model, we find that the uncertainty in
band 1 is larger with the catalogue method than with the
moments method. We see these results in the simulated cat-
alogues, but it is particularly important to understand the
result in the COMPOSITE catalogue since it is closely re-
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Figure 12. Analyzing a simulated Mark III catalogues with the
parametrisation of Silberman et al. (2001). The results we find
here agree well with the results in Figure 7 of of Silberman et al.
(2001).
lated to the high velocity dipole. As can be seen in Figure 1,
the catalogue method window function is most similar to the
window function of the shear moment, and (relatively) not
as sensitive to the scales probed by band 1. To try and under-
stand these results, we use our maximum likelihood method
to estimate the dipole, to compare to the minimum vari-
ance dipole of Feldman, Watkins & Hudson (2010). Instead
of varying the power spectrum, we fix the power spectrum
at the fiducial ΛCDM value and minimise parameters of the
dipole, as analysed by Ma, Gordon & Feldman (2011). We
find that it is not possible to simultaneously constrain the
three band-power spectrum and a velocity dipole. Follow-
ing Ma, Gordon & Feldman (2011), we model the dipole U
by subtracting the line of sight component of the dipole to
each galaxy in the catalogue from it’s line of sight peculiar
velocity, Sn, to obtain a ‘tilted’ velocity, pn
pn = Sn − rˆn · U . (18)
We parametrise the dipole bulk flow as U = {Ur, Ul, Ub},
where Ur is the magnitude of the bulk flow (in km s
−1 ), and
Ul and Ub are the direction of the flow in degrees (galactic
coordinates). We also include the velocity dispersion σ∗ as a
free parameter, which we marginalise over to find the dipole
bulk flow. We find a dipole of magnitude Ur = 380
+99
−132
km s−1 in the direction Ul = 295
+18
−18 and Ub = 14 ± 18
degrees. The direction of the dipole is shown in Figure 13.
This is slightly slower and with a larger uncertainty than
the dipole moment found by Feldman, Watkins & Hudson
(2010) of Ur = 416± 78 km s
−1 in the direction Ul = 282±
11 and Ub = 6 ± 6 degrees, and is related to the larger
uncertainty we find in band 1 with the catalogue method
than the moments method. A comparison of measurements
of the dipole is shown in Table 2.
Results from many different surveys and analysis meth-
ods appear to agree on the direction of the velocity dipole,
at around l = 280 and b = 10 degrees, within an uncertainty
radius of about 15 degrees. However, there is less consensus
as to the magnitude of the dipole. The magnitude of the
dipole (and the corresponding uncertainty) can depend on
the depth of the survey, the treatment of outliers, and the
weighting of galaxies. Even so, we can very conservatively
state that the magnitude of the velocity dipole out to 100
c© 2012 RAS, MNRAS 000, 000–000
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Ur [km s−1 ] Ul [degrees] Ub [degrees]
Watkins, Feldman & Hudson (2009) 407 ± 81 287 ± 9 8 ± 6
Feldman, Watkins & Hudson (2010) 416 ± 78 282 ± 11 6 ± 6
Ma, Gordon & Feldman (2011) 340 ± 130 285.1+23.9
−19.5 9.1
+18.5
−17.8
Nusser & Davis (2011) (SFI++, 40 h−1Mpc ) 333 ± 38 276 ± 3 14 ± 3
(SFI++, 100 h−1Mpc ) 257 ± 44 279 ± 6 10 ± 6
This work 380+99
−132 295± 18 14 ±18
Table 2. Comparison of dipole measurements within 100 h−1Mpc. This work, Watkins, Feldman & Hudson (2009),
Feldman, Watkins & Hudson (2010) and Ma, Gordon & Feldman (2011) all study the COMPOSITE catalogue, whereas Nusser & Davis
(2011) study the SFI++ catalogue, which comprises the majority of COMPOSITE. The direction of the flow from different works agree
well, although there is considerable variation in the magnitude of the flow. The magnitude of the flow can depend strongly on the depth
of the survey, how galaxies at different depths are weighted, and the sensitivity of the method the fiducial power spectrum.
Figure 13. The direction of the best-fitting velocity dipole
in the catalogues, (in a Mollweide projection of the sky
in galactic coordinates). The contours represent 1 standard
deviation levels on the dipole direction angles Ul and Ub
found in the peculiar velocity catalogues. The direction agrees
with other results from Feldman, Watkins & Hudson (2010),
Ma, Gordon & Feldman (2011) and Nusser & Davis (2011).
h−1Mpc is a factor of several times higher than the ΛCDM
expectation.
5 DISCUSSION & CONCLUSIONS
In terms of understanding the high dipole moment, the main
difference between the two methods we have considered here
is that the catalogue method finds an excess of power in band
1 with an uncertainty which includes the ΛCDM model at
the 1σ level, while the moments method finds an excess of
power with an uncertainty which excludes the ΛCDM model
at over the 1σ level. This is the issue we now consider. The
power spectrum at these scales is closely linked to the mag-
nitude of the dipole moment, where we similarly find a larger
uncertainty with the catalogue method than the minimum
variance moments result. The key to the different results
are the minimum variance weights, which are designed to
be sensitive to the largest scales, at the expense of small
scale information. Indeed, of the sub-catalogues we analyse
with the catalogue method, band 1 is best constrained by
the DEEP and SMAC samples, which are the deepest of
the sub-catalogues considered here. While both DEEP and
SMAC are included within COMPOSITE, we find that the
additional, shallower galaxies are effectively acting as noise
as far as constraints on band 1 are concerned. Essentially,
the minimum variance weights achieve this effect to a maxi-
mal extent: preferentially weighting the deeper galaxies with
the cleanest measurement of the velocity moments, at the
expense of small scale information.
On smaller scales, we also find a difference between the
two methods in band 2. We find that the catalogue method
agrees extremely well with the ΛCDM model, while the mo-
ments method underestimates the power. This is due to the
low shear of the velocity field, which provides most sensitiv-
ity at the scales of band 2. When we analyse the full velocity
catalogue, the small scale motions not modelled by the mo-
ments appear to combine to provide a constraint which again
agrees extremely well with ΛCDM. In much the same way
as the one band parametrisation in Macaulay et al. (2011)
illustrated the difference of including only the dipole, or ad-
ditionally the shear and octupole, the result in band 2 high-
lights the effect of considering only moments of the velocity
field, or the full information available to us.
In the parametrisation we have chosen, we have im-
posed that P (k) = 0 outside the range of the band-powers,
which could, in principle, affect the results in the bands at
the edge of the parametrisation. However, for the five band
parametrisation, the range of the bands is sufficiently wide
that the entire sensitivity range of the catalogues is cov-
ered, and the bands are insensitive to power beyond these
scales. We can also directly assess this effect by comparing
the three and five band models we have presented here. In
the three band model, we have that P (k) = 0 at the scales
where P (k) 6= 0 in the five band model (when we include
bands 4 and 5). However, we find that the results in band
3 are similar for both models (as can be seen in figures 6 &
7 for the simulated catalogues, and Figures 10 & 11 for the
real catalogues), whether the neighbouring band is zero (the
three band model) or nonzero (the five band model).
We can also consider the issue of whether our method
is robust to systematic errors in the peculiar velocity data.
For example, the Tully-Fisher and Fundamental Plane mea-
surements we consider both depend on the assumed mass-
to-light ratio of the observed galaxies. To quantify the effect
of systematic errors in the distance indicators, we have re-
analysed a simulated Mark III catalogue and the genuine
SGI++g catalogue, where we have artificially introduced a
systematic offset in the distance indicator and then repeated
the power spectrum analysis. This mimics a systematic er-
ror which may be introduced by incorrectly determining the
intrinsic luminosity of the galaxies. We have analysed each
c© 2012 RAS, MNRAS 000, 000–000
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catalogue with eight different artificial offsets in the distance
indicators in the range from an underestimate of the dis-
tance by a factor of 0.6 (corresponding to an overestimate
of the peculiar velocity) to an overestimate of the distance
uncertainty by a factor of 1.4 (corresponding to an underes-
timate of the peculiar velocity. As expected, we find a con-
sistent overestimate of the band-powers when the peculiar
velocity is overestimated, and a consistent underestimate
in the band-powers when the peculiar velocity is underes-
timated. We find that the ultimate systematic error in the
bands scales linearly as approximately twice the error of the
artificial distance offset.
However, a robust indication that such systematic er-
rors in the distance measurements are not problematic is
that we observe similar results in each of the sub-catalogues
of COMPOSITE that we study. The DEEP and SFI++
catalogues consist of different distance indicators, and we
observe similar results both for the power spectrum fitting
and dipole fitting; there is no individual catalogue which is
anomalous.
Perhaps more problematic may be systematic errors
which can introduce a dipole variation in the observed lu-
minosities, such as galactic extinction. Such a systematic
effect would affect all the catalogues in the same manner,
and could also mimic a bulk flow. From analysing moments
of the velocity field, we know that a velocity dipole has most
effect on the large scales of bands 1 and 2; the results we find
in bands 3, 4 and 5 should be fairly robust to any systematic
errors which introduce a dipole variation. As for bands 1 and
2, although some of the velocity dipole could, in principle,
be due to galactic extinction, it would then be difficult to
reconcile with the low shear of the velocity field, and even
harder to mimic with systematic effects. In other words, the
high dipole and low shear, when considered together, are in-
dicative of the large scale over densities we see in band 1,
and are difficult to fully mimic with systematic effects.
To conclude, we find that inferring the underlying power
spectrum from peculiar velocity catalogues continues the
general trend of Macaulay et al. (2011): that including more
detail in the velocity field improves the agreement with the
ΛCDM model. Specifically, we observe good agreement with
ΛCDM on scales of k > 0.01 hMpc−1, although the agree-
ment with ΛCDM in band 1 from the catalogue method
is only due to the larger uncertainty than the moments
method. While the high dipole moment alone may appear
anomalous, when we consider the full peculiar velocity mea-
surements, we find a power spectrum which agrees well with
the ΛCDM model.
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